ABSTRACT Cell growth and division have to be tightly coordinated to keep the cell size constant over generations. Changes in cell size can be easily studied in the fission yeast Schizosaccharomyces pombe because these cells have a cylindrical shape and grow only at the cell ends. However, the growth pattern of single cells is currently unclear. Linear, exponential, and bilinear growth models have been proposed. Here we measured the length of single fission yeast cells with high spatial precision and temporal resolution over the whole cell cycle by using time-lapse confocal microscopy of cells with green fluorescent proteinlabeled plasma membrane. We show that the growth profile between cell separation and the subsequent mitosis is bilinear, consisting of two linear segments separated by a rate-change point (RCP). The change in growth rate occurred at the same relative time during the cell cycle and at the same relative extension for different temperatures. The growth rate before the RCP was independent of temperature, whereas the growth rate after the RCP increased with an increase in temperature, leading to clear bilinear growth profiles at higher temperatures. The RCP was not directly related to the initiation of growth at the new end (new end take-off). When DNA synthesis was inhibited by hydroxyurea, the RCP was not detected. This result suggests that completion of DNA synthesis is required for the increase in growth rate. We conclude that the growth of fission yeast cells is not a simple exponential growth, but a complex process with precise rates regulated by the events during the cell cycle.
INTRODUCTION
Symmetrically dividing cells have to double their size between two consecutive divisions to ensure a constant average cell size during proliferation over many generations. Therefore, cell growth and division are strongly correlated and tightly controlled (1, 2) . The unicellular eukaryote Schizosaccharomyces pombe provides an excellent model for investigating the growth profile of single cells because the cells of this yeast are cylindrical, with a constant diameter, and grow by extending at the ends (3) . The cell length is thus a good measure of the size (volume and mass) of these cells.
After a medial division of an S. pombe cell, each of the two daughter cells starts to grow by extension at the old end, i.e., the end that existed before the last division. Later during interphase, growth is also initiated at the new end, i.e., the end created during the last division, in a process called new end take-off (NETO) (3) . The total cell length increases for the first~75% of the cell cycle. The growth slows down in the remaining~25% of the cycle, when mitosis and cytokinesis occur (3) .
It is unclear what type of growth profile these cells follow. In earlier studies, exponential, linear, and bilinear models were fitted to the cell length as a function of time (3) (4) (5) (6) . Exponential models assume that the rate of growth is proportional to the existing cell size, whereas linear models assume a constant growth rate, and multilinear models introduce different constant rates separated by rate-change points (RCPs). A controversy arose regarding which model provides the best fit (7, 8) . This was a consequence of the relatively low temporal and spatial resolution of the data obtained using time-lapse photomicrography, which was the best technique available at the time (9) .
Mitchison and Nurse (3) suggested a bilinear model in which the cell grows linearly during two time intervals separated by an RCP at~0.34 of the cell cycle in wild-type cells, which coincides with NETO. Wee1 mutants also show bilinear behavior, but with NETO occurring later, when the cell has reached a threshold length. Cells that were blocked in early G2 phase did not show NETO. The authors concluded that a cell has to successfully pass an event in G2 and reach a threshold length (9-9.5 mm) for NETO to occur. The bilinear pattern was also proposed in a later study (10) .
However, Cooper (4, 7) reanalyzed the data from Sveiczer et al. (10) and found that a single exponential model fits the data as well as a bilinear model. Since the exponential model is simpler than a bilinear one, the author advocated the use of the simpler model by invoking Occam's razor (7) .
A similar debate has been going on for over 40 years regarding the growth law of single Escherichia coli cells. Contradictory results were again obtained as a result of limited experimental precision. Exponential (11) , bilinear (12) , and interrupted (13) models were suggested. Recently, Reshes et al. (14) measured the growth profile of single Escherichia coli cells using phase contrast and fluorescence time-lapse microscopy, and found that it shows a bilinear or a trilinear pattern.
To obtain more precise measurements of the cell length in fission yeast, we used laser scanning confocal microscopy to image single fission yeast cells with a green fluorescent protein (GFP)-labeled cell membrane throughout the cell cycle. We found that, after cell division, the cells grew rapidly during the first few minutes, most likely because of the reshaping of the new cell end. Afterward, the cell length increased in a bilinear manner until mitosis occurred, at which point the growth slowed down or ceased. In the bilinear growth pattern, only the second linear segment showed a temperature-dependent rate. Finally, using hydroxyurea (HU), we found that the growth rate was constant when the cells were blocked in S-phase.
MATERIALS AND METHODS

Choice of strain
We used a strain with a GFP-tagged plasma and nuclear membrane (Fig. 1,  a and b) . The strain PG2747 (h 90 leu1-32 ura4-D18 ade6-216 [D817]) was a kind gift from Genevieve Thon (University of Copenhagen, Denmark). The cells carry the plasmid D817 (15) , which contains the GFP-tagged N-terminal 275 amino acid residues of P450 cytochrome reductase (16) , including a single potential transmembrane segment (15) .
To confirm plasma membrane staining, a fluorescence image was overlaid on a transmitted light image (Fig. 1 c) . This allowed the cell outline and the cell length across the middle plane of the cell to be determined (see ''Microscopy'' below). Nuclear membrane staining allowed precise determination of the timing of mitosis.
Cell preparation
To prevent loss of the plasmid, the cells were grown in liquid Edinburgh minimal media (EMM) plus supplements at 25 C, 28 C, or 32 C until log phase. For microscopy, a plastic 35-mm dish with a hole in the middle of the bottom was used. A coverslip was glued with silicone inside the dish on the bottom. The dish was turned upside down and a drop of liquid agar was poured onto the coverslip. The agar patch was covered with another coverslip to obtain a flat surface of the agar. When the agar solidified, the second coverslip was carefully removed and 3-4 mL of the cell culture were added onto the agar. When the liquid medium dried out, the agar was covered with a new coverslip and sealed with Vaseline.
Microscopy
We used confocal microscopy to acquire z-stacks of images, which ensures imaging of the whole cell along the z axis even when the sample moves out of the focal plane during long-term time-lapse imaging. Since the cells are shaped as cylinders with hemispherical caps that lie horizontally at the bottom of the dish, the cell outline in the resulting z-projections reflects the image of the middle plane of the cell. Thus, the measurement of the cell length in the z-projection ensures that the length is measured across the middle of the cell. Moreover, taking fluorescent images of the cell nucleus allows accurate determination of the timing of mitosis.
Imaging was performed with a Zeiss Axiovert inverted laser scanning confocal microscope using a 488 nm argon laser line and a Plan Apochromat 63Â/1.4 NA oil DIC objective (Zeiss, Jena, Germany). The laser power was set to 0.5-1% (of 30 mW maximum). Typically, a cell with a septum was found and imaged until the second division occurred, and z-stacks of five optical sections, with a pixel size of 40 nm and a z-distance of 1 mm, were taken either every 2 min, 1 min, or 30 s. The scanning time per pixel was 0.64-0.80 ms. The temperature was maintained at (25 AE 0.5) C, (26 AE 0.5) C, (27 AE 1) C, (28 AE 0.5) C, or (32 AE 0.5) C using a Bachhoffer chamber (Tempcontrol 37; H. Saur Laborbedarf, Reutingen, Germany).
HU treatment
To block the cells in S-phase, HU (Sigma-Aldrich, St. Louis, MO) was added to the solid medium 1 h before imaging at a final concentration of 11 mM (17) as follows: 4% agar (Becton, Dickinson and Co., Sparks, MD) was added to liquid EMM plus supplements, heated, and stirred until the agar melted; then 2 mL of the liquid agar was pipetted into an Eppendorf tube and kept at 60 C. Vitamins were added, and HU to a final concentration of 11 mM. Using the agar with HU, a microwell dish was prepared as described above. The prepared sample was kept at 32 C until imaging. For experiments in which cell growth was observed both in the presence of HU and after HU washout, a coverslip was coated with~5 mL of 2 mg/mL lectin BS-1 (Sigma-Aldrich) in PBS. The coverslip was glued with silicone beneath a plastic dish, as described above;~300 mL of the cell culture was added to the lectin spot. After the cells settled down, the dish was carefully filled with~2 mL of EMM plus HU. The time between acquisition of zstacks was 2 min. HU was washed out after 2 h of imaging. All HU experiments were performed at 32 C.
Control experiments
As a control for potential artifacts due to GFP labeling and laser scanning, we used two wild-type strains: L972 and NCYC132 (Fig. 2) . The unlabeled wild-type strain L972 was imaged with the same microscope used for strain PG2747 (Zeiss Axiovert inverted laser scanning confocal microscope) with the following differences in the settings: Only transmitted light z-stacks were acquired, at a time interval of 2 min. The sample was illuminated with the 514 nm line of an argon laser at the minimum laser power (0.1% of 30 mW maximum). The scanning time per pixel was 0.57 ms. Strain NCYC132 (18) was imaged on thin yeast extract (YE)-4% agarose pads at 30 C using a Zeiss Axiovert 200 microscope with a Micromax NTE/ CCD-1024-EB camera, at 600Â magnification (Plan-Neofluar 60Â/1.40 Oil). Bright-field images were acquired every minute.
Image processing
Images were analyzed using ImageJ (National Institutes of Health) and programs written in MATLAB (The MathWorks, Natick, MA). A maximum-intensity projection (MIP) was made from each stack of five optical sections. The coordinates of the cell tips were determined manually by clicking on the two extreme points of the cell in the MIP using ImageJ (see Fig. 1 b) . The length was then calculated with MATLAB and plotted as a function of time (see Fig. 1 d) .
Data analysis
For each cell the following parameters were calculated (Table 1): 1. Birth length, where birth is defined as the event of daughter cell separation. 2. Division length, measured as the mean length of the last five data points before division, i.e., when the cell separates into two daughter cells. The fitting of models to the cell length as a function of time was performed in MATLAB using the polyfit and lsqcurvefit functions. The fits are leastsquares fits. The interval t ¼ 10-100 min was chosen for fitting because the growth in the first 10 min was different and thus was treated separately. At t > 100 min, nuclear division, and the accompanying slow-down of growth, was observed in individual cells, which changed the mean cell length of the population.
The linear fit had the form
, was performed by fitting a line to the natural logarithm of the data. The biexponential model had the form
This model consists of two connected linear segments. The term ''bilinear'' may not be appropriate for this model, since this term is typically used in mathematics for the form f(x,y) ¼ (mx þ b)(ny þ c). The model described here may be considered as ''linear with an RCP''; however, for simplicity we will refer to this model as bilinear.
For the bilinear model, one line was fitted to the first two data points and another line to the remaining points, then one line to the first three points, and so forth. The fit with the minimum c 2 (the sum of squared differences between the data and the fitted values) was chosen as the best fit. The bilinear fit yielded four parameter values: the two slopes a 1 and a 2 , and the two y-intercepts b 1 and b 2 . From these values, the RCP was calculated as the intersection of the two lines. We denote the x coordinate (the time) of the 
From the bilinear fits, we report a 1 , a 2 , RCP, and L RCP .
The linear biexponential model (LinBiExp) had the form 19) . This is a generalized bilinear model in which the transition between the two linear segments is smooth.
The quality of the fits was estimated by plotting the residuals of the best fit for each model, as well as by c Tables 3 and 6 ) and on length data from single cells (see Tables 5 and 7) .
For HU experiments, including the HU washout, the data before and after HU washout were analyzed separately. The data before the washout were fitted in the interval t ¼ 0-98 min, and after the washout in the interval t ¼ 0-94 min, where in the latter case t ¼ 0 is the first image after the washout.
An alternative way to perform a bilinear fit is to fit a step function to the derivatives of the data (dL/dt) (see Fig. 6 ). The advantage of this method is that it uses only three parameters: a 1 , a 2 , and RCP.
Statistical analysis
Results are expressed as either the mean AE SE or the mean AE SD, as indicated. For comparison of the mean values of two data sets, two-tailed t-tests at a 5% significance level were used. Paired t-tests were performed when the two data sets were paired, i.e., when they were measured on the same set of cells (Table 2 ). In all other cases, nonpaired t-tests were used.
Model selection criteria
Here, SSE is the sum of squared errors, SS y is the overall (total) variance, y i is the ith data point, y i,pred is the ith point predicted by the model, and y mean is the mean value of all data points. The correlation coefficient does not consider the number of parameters in the model. It is therefore not an appropriate measure for comparison of models with different numbers of parameters.
Akaike information criteria (AIC)
AIC ¼ n obs lnðSSEÞ þ 2n par :
Here, n obs is the number of observations and n par the number of parameters.
Schwarz Bayesian information criteria (SBIC)
SBIC ¼ n obs lnðSSEÞ þ n par lnðn obs Þ AIC and SBIC (5, 19) take the number of parameters, as well as the size of the data set, into account. The lower the value of AIC or SBIC, the better the model describes the given data set. All three criteria (r 2 , AIC, and SBIC) were calculated using custom-made fitting programs in MATLAB.
RESULTS
Control experiments
We used a strain with GFP-labeled cell membrane and nuclear membrane to observe cell growth and nuclear division, respectively (strain PG2747). An overlay of a transmitted light image and a fluorescence image of the same cell shows that the outer fluorescently labeled membrane structure follows the cell wall. Therefore, the outer membrane represents the plasma membrane (Fig. 1 c) .
Since the plasmid carrying fluorescence in the strain PG2747 can be present in many copies, we tested whether the plasmid number varies among the cells by measuring the variation of the fluorescence intensity. The cells in the same generation coming from the same mother cell showed a coefficient of variation (c.v.) of 3.7 AE 2.2% just after the division of the mother cell, indicating that the fluorescent 
The diameter d of the mother cell was measured on the last image before separation, at positions that correspond to the center of the left daughter cell (mother, left side) and the center of the right daughter cell (mother, right side). The diameter of the daughter cells was measured at the cell center in the first image after separation. p-Values from paired t-tests comparing the diameter on each side of the mother cell and the respective daughter cell are also shown.
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proteins were distributed equally to the newly born sister cells. A similarly small variation in fluorescence (c.v. ¼ 2.9 AE 1.8%) was observed between fully grown sister cells before they underwent mitosis. This suggests that sister cells synthesize a similar amount of fluorescent proteins and therefore inherit a similar number of plasmids. Furthermore, images of a whole microcolony of membrane-labeled cells, which were the descendents of a single cell after more than four generations, did not show any significant variation in fluorescence (Fig. 1 f) . These results indicate that the plasmid copy number does not change considerably through several divisions.
We tested whether the GFP labeling affected general cell growth. Optical density measurements of exponentially growing liquid cultures showed that the doubling time of the labeled strain PG2747 was similar to that of the nonlabeled wild-type strain L972 (215 AE 3 min and 196 AE 3 min, respectively; mean AE SD; n ¼ 10 cultures per strain at 32 C). This result indicates that cell growth was not impaired by the fluorescent labeling.
Next, we tested whether GFP labeling and laser scanning affected the growth of single cells. We used two wild typestrains, L972 and NCYC132 (18) , neither of which carries GFP. Single cells of strain L972, which were observed using a confocal microscope with a low laser power, showed a generation time similar to that of PG2747 (159 AE 30 min, n ¼ 14, and 177 AE 36, n ¼ 36, respectively; mean AE SD, pvalue from a t-test ¼ 0.10, at 32 C; Fig. 2, a and b) . A similar result was obtained with strain NCYC132 using wide-field transmitted light microscopy (generation time of 205 AE 20 min at 30 C, n ¼ 5; Fig. 2 c) . Moreover, the cells of all three strains showed a change in the growth rate at 30-50 min after birth (arrows in Fig. 2) .
Finally, while following the growth of single cells of strain PG2747, we observed two or sometimes even three consecutive cell divisions. This suggests that the laser-induced damage was not significant under our imaging conditions (Fig. 1 e) .
Growth of single cells at different temperatures
We observed cells growing at 25 C, 28 C, and 32 C ( Fig. 3 and Supporting Material). Consistent with previous studies (3), the cells growing at higher temperatures were born longer, divided at a longer length, and grew and divided faster than the cells at a lower temperature ( Table 1 ). The period of constant cell length, corresponding to mitosis and septation, was largely independent of temperature ( Table 1) .
The initial increase in cell length reflects the rounding-up of the new cell end
During the first few minutes after the separation of the two daughter cells, we observed a rapid increase in length: the cell grew by~1 mm in 5 min (Fig. 4 a) . To investigate this growth pattern more precisely, we performed experiments with a higher time resolution, i.e., we acquired a stack of images every 30 s. We observed that the cell diameter before the separation of the sister cells did not differ from that after the separation (Table 2) .
To test whether the observed increase in length might be due to reshaping of the cell, we calculated the increase in length for reshaping of a cylindrical object with one hemispherical cap into a cylindrical object with two hemispherical caps, while keeping the diameter and the volume constant (Fig. 4 b) . The calculated increase in length was 8.6%. Here, the value for the length before separation was L 1 ¼ 8.3 mm (Fig. 4 a) , and cell diameter d ¼ 4.3 mm ( Table 2 ). The measured increase in cell length from t ¼ 0 to t ¼ 2 min (Fig. 4 a) was 7.5%, which is similar to the value calculated above.
Cell growth follows a bilinear pattern
To investigate which model best describes the growth pattern of single-fission yeast cells, we fitted five models to the data representing the mean cell length as a function of time for the cells imaged at 25 C and 32 C. The tested models included linear, exponential, biexponential, bilinear, and linear biexponential models (Table 3 ). Fig. 5 shows the fitted models (except for the biexponential one) together with the data.
For cells growing at 32 C, the bilinear model, which consists of two linear segments with an RCP between them, provided the best fit to the data. This conclusion is supported by the plot of residuals (insets in Fig. 5 ): the residuals are small and randomly distributed around zero for the bilinear fit, whereas their values are larger and their C are shown only for t < 158 min because by that time a substantial fraction of the cells (7/24) divided and hence could not be included in the calculation of the mean value.
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In a bilinear model, the cell grows at a constant rate until the RCP occurs, after which it grows at another constant rate. The bilinear fit showed that the growth rate increased approximately twice at the RCP (a 1 ¼ 0.028 and a 2 ¼ 0.055 mm/min). The RCP occurred at t ¼ 37 min and a cell length of 11.3 mm (Table 4) . Similar values of the corresponding parameters were obtained by fitting the linear biexponential model (Table 4) , which was the next best model after the bilinear (Table 3) .
We also fitted the bilinear model to the length data of each single cell for t ¼ 10-100 min ( Table 5 ). The growth rates before and after the RCP were significantly different (a 1 ¼ 0.025 and a 2 ¼ 0.057 mm/min, p ¼ 6 Â 10 À18 ; Table 5 ). The variation (measured as SD) in the RCP was 15 min, which is small compared to the generation time of 177 min for cells growing at 32 C. This explains why the RCP was not smeared out in the data representing the mean cell length (Fig. 3) .
The growth rate after the RCP is temperaturedependent
Cells that grew at lower temperatures had a longer generation time and a smaller cell size at birth and at division (Table 1) . Similarly to the cells that grew at 32 C, we investigated the growth pattern at 25 C by fitting the five models to the mean length data from t ¼ 10-100 min ( Fig. 5 and Table 3 ). The bilinear model was fitted to the length data of each cell in the same time interval (Table 5) . For the mean length data at 25 C, the best fit was a bilinear fit ( Table 3 ). The bilinear fit yielded a~1.4-fold increase in the growth rate at the RCP for 25 C (Table 4 ). This increase in the growth rate was smaller than at 32 C (~2-fold). Taken together, these results show that the growth has a clearly bilinear pattern with two significantly different slopes at 32 C, whereas the difference in the slopes and thus the bilinear nature of growth are less pronounced at lower temperatures. We fitted five different models (linear, single exponential, biexponential, bilinear, and linear biexponential) to the mean cell length, L, as a function of time for t ¼ 10-100 min. As an estimation of goodness of fit, we calculated the sum of squared errors (c 2 ), correlation coefficient (r 2 ), AIC, and SBIC. The latter two show that a bilinear model provides the best fit to the data.
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Next, we explored the temperature dependence of the growth rates and the RCP by comparing the results from the bilinear fit at 25 C and 32 C ( Table 5 ). The growth rate before the RCP did not change significantly with temperature. In contrast, the growth rate after the RCP increased significantly with an increase in temperature (1.6-fold increase, p ¼ 5 Â 10 À7 ; Table 5 ). The absolute time when the rate change occurred, RCP, was shorter at the higher temperature, but the relative time (i.e., the time between birth and rate change divided by the generation time) was independent of temperature within experimental error (the rate change occurred at~0.2 of the cell cycle at both temperatures). Similarly, the length in micrometers at the RCP was different at the two temperatures, but the relative extension (i.e., the growth in length from birth to the RCP divided by the total growth) was largely independent of temperature ( Table 5) .
To reduce the number of parameters in the bilinear fit from four to three, we fitted a step function to the instantaneous growth rates (Fig. 6) . The resulting values for the growth rates (a 1 ¼ 0.021, a 2 ¼ 0.032 and a 1 ¼ 0.026, a 2 ¼ 0.054 mm/min for 25 C and 32 C, respectively) and RCP (54 and 34 min for 25 C and 32 C, respectively) were similar to those obtained by the bilinear fit described above.
For completeness, we fitted the models described above to the cell length data obtained at 28 C. The resulting values of the fitting parameters typically fell between the The models were fitted to the data of the mean cell length, L, as a function of time for t ¼ 10-100 min (see Fig. 5 ). At each temperature, all cells observed for >100 min after birth were included in the fit (n ¼ 24 at 25 C and n ¼ 40 at 32 C).
corresponding values for the cells at 25 C and 32 C (data not shown).
The change in the growth rate does not correspond to NETO
We sought to determine whether the observed change in the growth rate was correlated to the beginning of growth at the new cell end (NETO). We measured the length of the new and old cell ends by measuring the distance between the birth scar and the tips of the new and old cell ends, respectively. We performed these measurements using the transmitted light images taken simultaneously with the fluorescence images. Examples of growth of the new and old cell ends are shown in Fig. 7 . An increase in the growth rate of the new end (NETO) was clearly visible in only a subset of the cells. The old end, on the other hand, typically showed an increase in the growth rate at the time close to the RCP measured for the total cell length as described above. These results suggest that the observed RCP for the total cell length is more closely related to a change in the growth rate of the old cell end than that in the new cell end.
The change in the growth rate depends on DNA synthesis
To investigate whether the increase in growth rate depends on DNA synthesis, we blocked the cells in S-phase using HU (Fig. 8) (20) . We added 11 mM HU to an exponentially growing culture 1 h before imaging to acquire septating cells blocked in S-phase at the beginning of the imaging. Imaging was performed at 32 C following the same protocol used for the cells on HU-free agar pads.
We first tested whether cells growing on HU pads exhibited a cell cycle block under our experimental conditions. None of the 16 HU-treated cells showed nuclear division at t < 182 min, whereas in untreated cells nuclear division occurred at t ¼ 135 AE 35 min (see growth times in Table 1 ). In two HU-treated cells, nuclear division was observed at t ¼ 208 and 216 min, whereas the other 14 cells showed no nuclear division during the whole observation time, which ranged from 182 to 316 min. Moreover, we observed cell growth on agar pads with HU for~6 h using transmittedlight microscopy. The HU-treated cells were, on average, significantly longer than untreated cells (data not shown). Taken together, these results provide evidence that the cells growing on HU pads were blocked in interphase.
The length data of HU-treated cells (Fig. 8 b) were analyzed in the interval of t ¼ 0-100 min, as for the HU-free cells. Linear and bilinear models were used to test for the existence of an RCP. The model selection criteria (AIC and SBIC) favored the bilinear model over the linear one (Table 6 ). However, the growth rates before and after the RCP, obtained by the bilinear model, were not significantly different (Table 7) . To further test whether the data from HU-treated cells were consistent with linear growth, we compared the rates obtained by the bilinear fit with the rate from the linear fit. There was no significant difference between the linear and bilinear rates (Table 7 ). These growth rates were also similar to the growth rates of the HU-free cells before the RCP. We conclude that the growth pattern of the cells blocked in S-phase is consistent with linear growth.
For the untreated cells, we measured the growth of the new and old cell ends for HU-treated cells (Fig. 9) . NETO was not observed in the first 100 min of growth, but it occurred in a subset of cells at later times. After~2 h of growth, which corresponds to >3 h after the addition of HU, some cells started to grow more rapidly. This is most likely a consequence of leakage from the block in the cell cycle. To investigate the growth after the release from the cell cycle block in a controlled manner, we treated the cells with HU and observed them in liquid medium for 2 h, followed by washing out of HU and continuation of imaging. The results from the cells growing in liquid medium with HU were similar to those obtained from cells on agar pads with HU, with bilinear and linear growth rates of~0.02 mm/min. The bilinear model fitted the data better 0.14 AE 0.10 (n ¼ 6) 0.17 AE 0.11 (n ¼ 30) 0.60
A linear model with a change in growth rate was fitted to the data of cell length, L, as a function of time for t ¼ 10-100 min:
Although the growth time of cells at 25 C was~280 min, the data were fitted up to 100 min because typically there was a clear RCP within this time interval. The results are shown as mean AE SD. Data from cells that could not be fitted well with a bilinear model, i.e., the RCP was outside the fitting interval (n ¼ 8 for 25 C and n ¼ 5 for 32 C), as well as those with a 1 < 0 (n ¼ 1 for 32 C and n ¼ 0 for 25 C), were excluded from this analysis. The number of analyzed cells was n ¼ 16 at 25 C and n ¼ 34 at 32 C. To calculate the ratios in the last three rows, we used only the cells that divided during the observation time and were not excluded from fitting. p-Values from t-tests comparing the data from 25 C and 32 C are shown in the last column.
Biophysical Journal 96(10) 4336-4347 than the linear model, but the growth rates before and after the RCP, a 1 and a 2 , were not significantly different (p ¼ 0.48). There was also no significant difference between the linear and bilinear rates (p ¼ 0.52 and 0.13), which is consistent with the linear growth model. For the cell length data after the HU washout, the model selection criteria (AIC and SBIC) indicated that the linear model was more appropriate than the bilinear model. This result suggests that the growth pattern of cells released from the S-phase block is also consistent with linear growth. The growth rate after the HU washout was~30% higher than before the washout.
In conclusion, cells blocked in S-phase by HU grow in a linear manner. These results provide evidence that DNA synthesis is required for a change in the cell growth rate.
DISCUSSION
Confocal imaging of the cell outline
The main factor underlying the debate about the growth pattern of single-fission yeast cells is the precision of the data. Precise measurements of the cell length require images of the cell outline with high spatial precision, as well as a good temporal resolution.
The shape of the fission yeast cell can be approximated by a cylinder plus two hemispherical caps. We acquired images of five planes spaced by 1 mm using a confocal microscope and projected them into an MIP, thereby ensuring that the image with the maximum cell length was included. Confocal images were taken with a pixel size of 40 nm, and thus the spatial precision of these measurements was of a similar magnitude. The time interval between consecutive length measurements was typically 2 min, which was short enough to capture the cell growth (at the typical growth rates observed, the cells grew 1-3 pixels between C and 32 C, respectively) and RCP (54 and 34 min for 25 C and 32 C, respectively) were similar to those obtained by fitting a bilinear fit to the length data (Table 3 ; Fig. 5, c and g ). Note that the two outliers in a (dL/dt > 0.05) affect the resulting change in growth rate. Fitting the data without these outliers yielded a 1 ¼ 0.023 and a 2 ¼ 0.043 mm/min; RCP ¼ 90 min. This further emphasizes that although the growth pattern is clearly bilinear at 32 C, it is less so at 25 C.
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Initial cell growth results from rounding-up of the new cell end
During the first minutes after cell separation, the cells increased in length rapidly but the diameter did not change. We assume that during this short time interval (~2 min) the cells do not increase in volume, but only change their shape. Before separation, the new cell end is flat, whereas after separation the minimization of surface energy leads to roundingup of the new cell end. Simple geometrical considerations suggest that the observed increase in cell length is consistent with the notion that a cylinder with one hemispherical cap is reshaped into a cylinder with two hemispherical caps while the diameter and volume are kept constant. We conclude that the increase in cell length during the first minutes does not reflect cell growth in volume, but rather a change in cell shape due to rounding-up of the new end.
Bilinear growth pattern of single cells and the effect of temperature
To investigate the growth pattern of single cells, we fitted five models (linear, exponential, biexponential, bilinear, and linear biexponential) to the cell length data as a function of time. The bilinear model, which consists of two linear segments separated by an RCP, provided the best fit to the data for cells growing at 32 C. The growth rate increased twofold at one-fifth of the cell cycle. At lower temperatures, the increase in growth rate was smaller, and thus the bilinear pattern was less evident. Of interest, the growth rate before the RCP was independent of temperature, whereas the growth rate after the RCP depended strongly on temperature, increasing 1.8-fold from 25 C to 32 C (Fig. 10) . The fitting interval was t ¼ 10-100 min, c 2 is the sum of the squared differences between the data and the fit, and r 2 is the correlation coefficient; n ¼ 16 cells. The fitting interval was t ¼ 10-100 min. Cells with a 1 < 0 (n ¼ 1), a 2 < 0 (n ¼ 1), and an outlier cell with a 1~2 0 SD away from the mean (n ¼ 1) were excluded from the statistics of the bilinear fit.
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The difference in temperature dependence between the first and second growth rates indicates that the growth in these two intervals is controlled by different mechanisms. The growth in the first part may be ''basal'' growth that occurs independently of temperature changes and DNA synthesis (see below). This growth may be driven by enzymes, which show only a modest increase in reaction rates with an increase in temperature, for temperatures close to 30 C. In contrast, growth in the second interval may be governed by processes with reaction rates that depend strongly on temperature in the physiological temperature range.
The RCP is not directly correlated to NETO Even though the cell length, average growth rate, and cycle time differed for the three temperatures investigated, the RCP occurred at 0.2 of the cell cycle regardless of the temperature. It was tempting to speculate that this change in the cell growth rate results from the initiation of growth at the new end (NETO). Indeed, the RCP was previously found to coincide with NETO in wild-type cells (3) . However, other studies have demonstrated that not all cells undergo NETO, and that only rarely do the RCP and NETO of an individual cell coincide (21) (22) (23) .
In this work, the RCP was not correlated to NETO. In cells where the RCP and NETO do not coincide, the starting of growth at the new end may have to be balanced by a reduced rate of growth at the old end. However, we observed a clear NETO event only in a fraction of the cells; the majority showed a clear RCP. After the initial fast growth of the new end, which is related to a shape change of this end, the growth of the new end was much slower than the growth of the old end. On the other hand, the old end not only grew to a larger extent, it also showed an RCP that roughly coincided with the RCP of the total cell growth (Fig. 7) . Thus, under our experimental conditions, the change in the total growth rate resulted mainly from a change in the growth rate of the old end, and was independent of NETO. The change in growth rate depends on DNA synthesis
As regards the cell length, a similar bilinear pattern with a doubling in rate at a ''critical point'' at one-fifth of the cell cycle was previously observed for the synthesis of the enzymes sucrase, acid phosphatase, and alkaline phosphatase (18, 24) . DNA synthesis occurs near the time of cell division, between 0.95 of one cell cycle and 0.05 of the next cycle (18) . The delay between DNA synthesis and the ''critical point'' for enzyme synthesis was previously attributed to a delay between chemical and ''functional'' replication of the genome (24) . We speculate that a similar delay may be responsible for the doubling in growth rate at one-fifth of the cell cycle found here. One could predict that blocking of DNA synthesis should also prevent an increase in the growth rate. This was indeed observed in our experiments when the cells were blocked in S-phase by HU, which stops DNA replication by inhibiting the enzyme ribonucleotide reductase (20, 25) . Thus, completion of DNA synthesis is required for an increase in the cell growth rate. The delay between DNA synthesis and the growth rate change may reflect the time interval when the enzymes and material necessary for a faster growth are synthesized.
In conclusion, growth of fission yeast cells does not follow a simple linear or exponential law. This growth is, instead, a rather complex process, the regulation of which will continue to intrigue researchers for some time to come.
SUPPORTING MATERIAL
Five movies and captions are available at http://www.biophysj.org/biophysj/ supplemental/S0006-3495(09)00661-4.
